Organometallic macromolecular polymers and dendrimers constructed with various chromophores and antimicrobial species are attracting considerable attention. Interest in these materials stems from their exceptional properties and potential applications in the industry as biomedical and photoactive agents, as well as their use as sensors. Over the past few decades, the exponential growth of many new classes of metallo-macromolecules that address these issues has been illustrated. Metalbased antimicrobial macromolecules are rising due to the combination of the multiple interactions of the unique properties of metallic moieties and the effect of the bioactive species. Progress in the field of organometallic photoactive materials derives from their broad applications, including photonic switches and upconversion lasers, in addition to sensors and electronic devices. The aim of this inclusive review is to highlight the design and properties of several types of bioactive and drug delivery macromolecules containing metallic moieties as well as metallopolymers and dendrimers containing organic light-emitting diodes.
Introduction
Enhancing bioactivity and selectivity as well as the environmental compatibility of macromolecules has been the focus of interest of many research groups [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Polymers are universal in the items we use in everyday life and are even responsible for life itself, as an example, the polymers DNA and proteins. Polymers have been used in many aspects of our life through many true polymeric materials (for example, natural rubber and eggs) [11] . In the past two centuries, different polymerization techniques were successfully used to synthesize a high number of complex polymers with controlled dimensions and functionalities [12] . Also, it has been reported that synthetic polymers have seen an exponential improvement in light of the broad range of applications of polymeric materials [13] [14] [15] . Dendrimer chemistry is one of the most interesting and expanding areas of modern macromolecular chemistry [10, [16] [17] [18] [19] [20] . Dendrimers are very attractive macromolecules and a relatively new class of macromolecules of ideally branched and well-defined structure, owning a large number of functional groups. Usually, these functional groups are reactive, through modification of the dendrimers. Furthermore, in the design of dendrimers, it is easy to control the polydispersity, molecular weight, and end groups [6, 21] . A broad range of different polymers and dendrimers are available, and they have added the advantage of tuning physical, chemical and biological properties in a wide range to meet the requirements of particular applications. Many types of polymers and dendrimers are used for medical [18, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , magnetic [32] [33] [34] [35] , catalytic [36] [37] [38] [39] , and photophysical applications [19, [40] [41] [42] [43] . Certainly, highly bioactive macromolecules can be obtained by modification with bioactive monomer agents. Dendrimers and polymers have also been examined to be an effective medium for anticancer therapy, antibacterial, or drug delivery systems [44, 45] . Another branch of macromolecular investigations deals with organometallic macromolecules having unique biological and biomedical activities [46, 47] . The incorporation of metal ions into the structure of the macromolecules presents interesting possibilities for macromolecule chemistry [48] [49] [50] and augments biological activity. The addition of materials with the light-harvesting ability to the polymers and dendrimers increases the efficiency of these molecules by the repetition process in the polymers, and by increasing the dendrimer generation due to an increase in the number of peripheral chromophores [19, 51, 52] . The position of these chromophores in the macromolecules can be in a number of different locations within the structure of the macromolecules. For instance, in the dendritic structure, these species might be the core, on the periphery, or at the branching sites. In addition, each photoactive group within a dendrimer can give different emission and energy transfer characteristics compared with those of the same chromophore within a small molecule (or as a single free molecule itself), as a consequence of the close spatial proximity to neighboring moieties [19, [41] [42] [43] . The appearance of the new emission wavelengths is also seen in these type of macromolecules due to the formation of excimer and exciplex species [53] [54] [55] . Also, macromolecules which contain metal ions have been created to combine properties of metals with other macromolecule properties [56, 57] . Further, Mishra and co-workers, as well as other research groups, have many applications in heavy metals and water treatment using polymers, polymer nanocomposites or dendrimers [58] [59] [60] [61] [62] [63] [64] [65] .
In this review, we will present and discuss several metalbased antimicrobial and photoactive macromolecules. In addition, we will focus on the effect of the metals on the behaviours of these macromolecules (Fig. 1 ).
Bioactivity and Therapeutic of Organometallic Macromolecules
Combining the properties of macromolecules with metals in the presence or absence of bioactive molecules is of great interest. Some organometallic macromolecules have strong activity against many types of bacteria, cancer cells, and fungi due to the presence of some types of metals or the structure of the macromolecule itself [30, 31] . Others only possess their activities after the incorporation of bioactive species with the macromolecules takes place [22, 23] . For this purpose, a number of studies have explored the inclusion of a larger number of biologically active compounds into macromolecules, which results in an increase in their activity, especially with the addition of metal ions [66] [67] [68] [69] .
First and third generations of Poly(propylenimine) dendrimers (1) (2) (3) (4) have been synthesized, with the periphery modified with fluorescent units of 1,8-naphthalimide and their Zn(II) and Cu(II) complexes [66] . The newly prepared metallodendrimers showed promising antibacterial activity toward some pathogenic Grampositive and Gram-negative bacteria and notable antifungal activity against the pathogenic yeast Candida lipolytica. The results showed that by increasing the dendrimer generation, the antimicrobial activity of the complexes was slightly increased. The polarity of the organic solvents leads not only to a change in the position of the fluorescence peaks but also impact the fluorescence intensity as well, as seen in Fig. 2 .
Also, the quantum yields of these dendrimers depend strongly on the polarity as well as the nature of the solvents. Φ F values for dendrimer D4 (1-2) are around Φ F = 0.04 (methanol) and Φ F = 0.65 (chloroform), however, the values of Φ F for D16 (3) (4) are between 0.06 and 0.99 in methanol and chloroform, respectively. The values of Φ F in alcohols like methanol and ethanol were lower compared to those obtained in the other polar solvents under investigation. These lower values are due to the hydrogen bond which formed between the carbonyl groups of the 1,8-naphthalimide and hydroxyl groups of alcohols.
Furthermore, the quenching of fluorescence intensity has been observed, when the concentration of the metals has been increased, Fig. 3 .
The antibacterial activities of D4, (1) with Zn(II) complexes, were slightly more active than the respective Cu(II) complexes (2) . The observed zones of inhibition were in the 8-10 mm range for Cu +2 and 10-14 mm for Zn +2 complexes, as shown in Fig. 4 .
However, when the activity of the two metals was compared, Zn +2 yielded a larger zone of inhibition than Cu +2 by around 5 mm, as demonstrated in Fig. 5 . The inhibition zones of (D4-Cu) (1) and (D4-Zn) (2) dendrimers on some bacterial and yeast strains. [66] Copyright © 2015 Elsevier B.V. All rights reserved
Fig. 5
The inhibition zones of (D16-Cu) (3) and (D16-Zn) (4) dendrimers on some bacterial and yeast strains [66] . Copyright © 2015 Elsevier B.V. All rights reserved Recently, the same group has modified these dendrimers for different applications [67] [68] [69] . It was found that these dendrimers can offer yellow-colored textile matters through extraction method and be used as dyes for cotton clothes [67] . Moreover, the bacteria growth has been reduced on the surface of cotton fabric and prevented the formation of bacterial biofilm.
Due to the fluorescent units of 4-amino-1,8-naphthalimide, the new dendrimers showed a yellow color at (λ max = 407-437 nm) and emitted a strong yellow-green fluorescence peak with a maximum at λ F = 507-541 nm, in DMF. The photophysical properties of these dendrimers were found to be affected strongly on the solvents' polarity and have been displayed a positive solvatochromism. In addition, it was found that 1,8-naphthalimide fluorophores are better supported in polar organic solvents due to the stronger interactions with the solvent dipoles [66] . Figure 6a , presents the absorption spectra of D4 (1) in DMF with Zn(II) ions. As noticed, a small shift from 432 nm (before the addition of Zn(II)) to 425 nm (after their addition), was observed in the absorption peaks. However, the intensity of the absorption remains constant, which can be illustrated by the fact that Zn(II) ions do not form a complex directly with the 1,8-naphthalimide chromophore system. The fluorescence spectra of dendrimer D4 titrated with Zn(II) ions are presented in Fig. 6b , which found that by increasing the Zn(II) concentration, a slight decrease in the intensity of fluorescence spectra with a bathochromic shift of 16 nm was found.
White cotton fabric samples were dyed with dendrimer ligands D4 (1) and D16 (3) and their Zn(II) complexes. Depending on the generation of the dendrimers and the number of zinc ions coordinates, the cotton fabrics obtain different degrees of dark green-yellow color. Around 90% inhibition of the (Bacillus subtilis) gram-positive, (Pseudomonas aeruginosa) gram-negative bacteria, and yeast (C. lipolytica) antifungal activity were recorded by testing the activity of dendrimers after their deposition on the cotton fabrics at dendrimer concentrations of 250-350 g/mL. Furthermore, the results have confirmed that the cotton fabric treated with Zn(II) dendrimers blocks of bacterial biofilm synthesis. As well, the D16 samples were found insignificantly active than in D4 samples, in addition, Zn(D4)(NO 3 ) 2 (1) and Zn 4 (D16) (NO 3 ) 8 (3) showed a slightly higher antimicrobial efficiency in comparison with the free Zn(II), as seen in Fig. 7 .
The obtained antibacterial cotton fabrics have benefits to be used as a material for the manufacture of medical clothes for clinical medical applications.
In the last 5 years, Abd-El-Aziz and co-workers provided a library of antibacterial redox-active organometallic macromolecules and dendrimers [22-24, 29-31, 70] . A new family of organometallic dendrimers with good activity against some types of Gram-positive bacteria, like methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus faecium (VRE), and Staphylococcus warneri, were discovered [30] , while all dendrimers showed inactive results towards Gram-negative bacteria and fungus.
The dendrimers shown on Fig. 8 contained a redox-active complex which caused oxidative stress on bacteria and further disrupted the microbial cell membrane.
Some of the redox-active organometallic compounds improve the antimicrobial activity through induction of cellular oxidative tension [71] . In this article, they were found that the chlor-end group dendrimers were less efficient in inducing oxidative stress compared to the other groups, Fig. 9 .
They applied a field-emission scanning electron microscope (FE-SEM) to observe the cell membrane of MRSA before and after therapy. This way qualitatively proves a membrane disrupting due to the action of cationic antimicrobial agents [73] . A large change was noticed in the micrographs of the untreated MRSA, Fig. 10a , and the micrographs of the MRSA after treatment, with zeroth generation D-2 methyl-end group dendrimers Fig. 10b , which is proof that the membrane is disrupted.
A series of organoiron monomer, dimer, and oligomer complexes including piperazine units, have been synthesized through sequential nucleophilic aromatic substitutions reaction, Fig. 11 [22] . Fig. 6 The absorption (a) and fluorescence (b) spectra of dendrimer D4 (1) (c = 2 × 10 −5 mol/L in the presence of Zn 2+ ) [67] In this article, piperazine was chosen to examine the impact of substituents upon the corresponding antimicrobial and anticancer activity. Interactions of the piperazine ring with enzymatic targets have played a key role in selectivity and potency of several biologically active natural and synthetic molecules [74, 75] . The under investigation complexes displayed moderate activity against Gram-positive bacteria and nearly no activity against Gram-negative bacteria or C. albicans. It was found that the complexes owning NH group in the outer sphere were more efficient against Gram-positive bacteria than complexes having a Cl group in the same place. The longest chain oligomer complex (11) with NH end-group exhibited the most promising biological activity. All complexes were also examined for anticancer activity against two breast cancer cell lines (HTB26 and MCF7).
The same complex (11) with the 11 cations redox-active with NH, only has partial activity towards these types of breast cancer cells.
The same research group did similar work with some modification to increase the number of piperazine groups. They synthesized three generations of biologically active dendrimers with a melamine core containing redox-active cations. These dendrimers incorporated chloro-, hydroxyl-, or piperazine moieties at the peripheries, Fig. 12 [23] .
Three dendrimers with chloro-end groups exhibited notable antibacterial activity, but less than the dendrimers having hydroxyl-end groups in the outer spheres. These dendrimers were slightly less effective against Gram-positive bacteria as compared to dendrimers occupying piperazine molecules in the periphery. Furthermore, a remarkable increase in Fig. 7 The impact of different concentrations of the dendrimers (D4 and D16) and complexes Zn(II) dendrimer Zn(D4)(NO 3 ) 2 (1) and Zn 4 (D16) (NO 3 ) 8 (3) on the growth of the test model strains. Open source Chemosensors. 2019, 7, 17 [67] antibacterial activity was also observed from first-generation dendrimers compared to higher generations. As expected, the high generation dendrimer with 24 piperazine moieties at the peripheries and 42 cation ions complexes were given the greatest efficacy against the breast cancer cell lines MCF-7, with an IC 50 of 2.5 ± 0.1 μM.
Also, quaternary ammonium groups or 2-mercaptobenzothiazole organometallic dendrimers have been synthesized, Fig. 13 [29] . The purpose of creating these hybrid dendrimers was antimicrobial activity against multidrug-resistant microorganisms.
The PrestoBlue cell viability assay was used to assess the sensitivity of Gram-positive MRSA, VRE, S. warneri, and B. subtilis to D-7 (19) and D-9 (21) . PrestoBlue is a unique resazurin-based reagent used for a fast and highly sensitive assay to evaluate cell viability and cytotoxicity [76] [77] [78] . Obviously, an activity as potent as ≈ 2 × 10 −6 m of D-7 (19) , or ≈ 6 × 10 −6 m of D-9 (21) obtained from the tested microorganisms was 100% nonviable. Also, they noticed that the thiazole-functionalized dendrimer, D-9 (21), was less active than the quaternary ammonium group-functionalized dendrimer, D-7 (19) , due to the lower concentration (≈ 2 × 10 −6 m) of D-7 (19) proceeded the tested microorganisms 100% nonviable, as shown in Fig Effect of zeroth generation PF 6− dendrimers on MRSA, H 2 O 2 was the highest control, while vancomycin [72] , was used as Ref. [30] . Copyright © 2015, American Chemical Society inhibitory concentrations, which were in the low micromolar range, human epidermal keratinocyte cells (HEka), human foreskin BJ fibroblast cells remained viable, suggesting selectivity toward the tested microorganisms. The activity of these dendrimers refers to their use in the treatment of antimicrobial materials that treat and block multidrug-resistant diseases. Many of these dendrimers inhibited the growth of microorganisms such as MRSA, VRE, and S. warneri, in vitro. At the inhibitory concentrations, which were in the low micromolar range, human epidermal keratinocyte cells (HEka) and human foreskin BJ fibroblast cells remained viable, suggesting selectivity toward the tested microorganisms. The activity of these dendrimers refers to their use in the treatment of antimicrobial materials that treat and block multidrugresistant diseases.
A new type of cellulose polymers (23) with wide applications was synthesized by the reaction of carboxymethyl cellulose with Cu(BF 4 ) 2 terpyridine-Cl complexes. These water-soluble cellulose derivatives offered very good antimicrobial properties against Gram-positive (S. aureus and S. thermophilus) and Gram-negative bacteria (E. coli), as well as yeast (S. cerevisiae), Fig. 15 [79] .
In this article, the polymer exhibited high levels of antimicrobial activity toward Gram-positive and Gram-negative bacteria in addition to the yeast under investigation. Figure 16 showed that by increasing the concentration of the polymer (23), the decrease in the number of colonies of bacteria and yeast was observed. The low concentration (1-2 mg/mL) of polymer (23), the higher activity against the Gram-positive bacteria than Gram-negative and yeast. Complete inhibition of Gram-positive and yeast was observed at 8 mg/mL dose of (23), while the inhibition was about 90% toward the Gram-negative ( Fig. 17) .
A group of quaternary ammonium (Qa) or imidazolium (Im) cation-based poly(ionic liquid) (PIL) membranes and their zinc ion coordinated PIL membranes were synthesized [80] .
The Zn-containing PIL membranes exhibit higher antibacterial activities against the Gram-positive and Gramnegative bacteria compared to those of without Zn. The antimicrobial activity of the natural PIL membranes (without ZnCl 2 ) gave moderate results. As can be seen in Fig. 18 , the Qa type PIL membranes show antimicrobial responses relatively higher than those of Im-based membranes after four hours of contact with four microorganisms: S. aureus, E. coli, C. albicans, and MRSA. In addition, the shorter the alkyl side chains of substitution, the higher the antimicrobial activities.
Higher antibacterial activities compared to initial PIL membranes were displayed by the Zn-containing PIL membranes due to both attributes of organic cations (Qa or Im) and zinc atoms. Therefore, MRSA was chosen for wound healing assay of the PIL membranes. The wounds with MRSA covered with PIL-Qa-C1 (24) and PIL-Im-C4-Zn (31) membranes were applied as two test groups, Fig. 19 .
It was found that by wound healing tests that PIL-Qa-C1 (24) and PIL-Im-C4-Zn (31) membranes were not only active antibacterials but also biologically safe and may, Reacting various amine compounds with ferrocenyl dithiocarbamate led to a series of mono-and polynuclear ferrocenylthiosemicarbazone complexes via a Schiff base condensation reaction [81] .
These compounds were picked for their antimicrobial activity against the H37Rv strain of Mycobacterium tuberculosis and the chloroquine sensitive (CQS) NF54 strain of 
Fig. 12
Representative third generation melamine core dendrimer functionalizes with piperazine moieties, (12) [23] Metallophosphorus third-generation dendrimers have been made via the complexation of phosphorus dendrimers bearing iminopyridino end groups with Cu(II) (37), Au(III) (38) or with both Cu(II) and Au(III) (39) [82] . (40) complexes presented low activity on the inactive cell line EPC versus its potent antiproliferative activity upon actively dividing cells. Nine extra dendrimers were also prepared to examine the effect of the combination between Au(III) and Cu(II) and the impact of the number of Au(III) moieties on the surface of dendrimer against the proliferative activities. It was found that whenever the number of Au(III) moieties added on the surface of dendrimers was increased, all the dendrimers displayed similar potency (nanomolar range) to 1G3-[Au 48 ][AuCl 4 ] 48 against KB and HL60.
Organometallic half-sandwich complexes of the type CpM(CO) 3 (Cp = cyclopentadienyl, M = Mn or Re), has been attached as periphery groups to two different cores to synthesize a family of new dendrimers [83] .
Three different generations with core structures [diaminobutane poly(propylenimine) (DAB) G1, G2, G3 (40) (41) (42) (43) (44) (45) and one generation with poly-(amidoamine) (PAMAM) G1 (46), Fig. 22 .
These dendrimers were elected as carriers for bioactive groups to study the impact of them on their biological activity against MCF-7 breast cancer cells. As a control, they also examined 47 with an adamantyl group as a lipophilic organic moiety conjugated to the dendrimer core, as seen in Fig. 23 .
No effect was observed by the replacement of manganese by rhenium in the G1, G2, and G3 DAB dendrimer conjugates on the biological activity ( Fig. 24 ).
For all complexes, higher concentrations cause greater cytotoxicity. The higher activity was shown in the first generation with four organometallic moieties attached with both the Mn and Re. Additionally, the organic adamantyl G1 DAB conjugate had activity comparable to those of the related organometallic systems. Therefore, the cytotoxicity of the dendrimer conjugates does not directly correlate with the nature or number of periphery functional groups. It can be concluded that the factors which can affect the dendrimers' overall activity are a combination of the core in addition to the nature of their periphery and the total size of the systems.
Smith and co-workers synthesized a new series of ferrocenyl mono-and polynuclear complexes conjugated to imino and amino scaffolds, Fig. 25 [25] .
Schiff base condensation reactions between (E)-4-vinylferrocenylbenzaldehyde and various amines to form the imino complexes were used, while the amino complexes were synthesized by reductive amination reactions using the same precursors. Overall, moderate in vitro biological activity was shown by these complexes against Mycobacterium tuberculosis and the NF54 chloroquine sensitive (CQS) strain of Plasmodium falciparum. Complexes with the ferrocenylimines exhibiting enhanced activity against M. tuberculosis compared to the similar amines. As well, moderate activity against P. falciparum was displayed with the second-generation polyimine complex, which exhibited the highest activity in vitro.
Keppler and co-workers successfully prepared an unsymmetrically carboxylated platinum(IV) (60) to low-generation and then polyamidoamine dendrimers (PAMAM) with amino-terminated surfaces G2 (61) and G4 (62), Fig. 26 [84] .
The two-generation dendrimers with platinum complexes (61 and 62) tested against three human cancer cells, ovarian teratocarcinoma cell line CH1/PA-1, colon carcinoma cell line SW480, and lung cancer cell line A549, which was evaluated in vitro by MTT assays. The sizes of the two different generations of dendrimers played a role in the biological activities in comparison to the corresponding platinum-free dendrimers PAMAM G2 and G4, respectively, as well as the free parent platinum complex 60. The ovarian teratocarcinoma cell line CH1/PA-1 is the highest sensitivity, the colon carcinoma cell line SW480 has average sensitivity, and the multidrug-resistant non-small-cell lung cancer cell line A549 is the lowest sensitive. As a result, the coupling of platinum(IV) complexes to dendrimers is deserving of future investigation and may result in compounds with likely biological activities.
Three types of ligand complexes Cu 2+ , Co 2+ , and Ni 2+ attached to the dendrimeric porphyrin core were synthesized by the Rothemund synthetic route in which p-hydroxy benzaldehyde and pyrrole were joined together (63-65), Fig. 27 [85] .
The effectiveness of the ligand and its complexes was observed to be in the order: Cu(II) > Co(II) > Ni(II) > L, when tested against the fungi: Aspergillus fumigatus (ATCC 1022), Candida albicans (ATCC 10231), Trichophyton mentagrophytes (ATCC 9533) and Penicillium marneffei by determining MICs and inhibition zones.
Artificial Organometallic Light-Harvesting Antennas
Many chemists have been able to design more effective materials for light energy conversion, due to a better understanding of the light-harvesting and energy transfer processes. As well, a notable effort has been applied to macromolecules toward the design and construction of multichromophoric structures able to serve as aerials in synthetic systems for solar energy conversion [19, 52, 86, 87] . Polymers and dendrimers have been confirmed to be the best candidates for the design of artificial lightharvesting antennae, essentially due to its exponentially growing number architecture with multiple terminal groups around a central chemical group located at the core of the dendrimer or the repetition of the chromophore units in polymers [88, 89] . In addition, incorporation of the metals is uniquely interesting due to the highly directional and controllable technique as well as the significant effect on the photochemical and photophysical processes [90, 91] . This type of light-harvesting by polymers and dendrimer systems has been addressed from various type and perspectives [19, 52, 86] . One type of efficient lightharvesting has been provided for the conjugated dendrimers and polymers which describe a new set of material for organic light-emitting diodes (OLEDs) [89, 92, 93] . Internuclear electronic transfer through the π-conjugated spacer can result in novel optical properties of macromolecules [94] . Another type in light-harvesting has been reported as singlet-singlet energy transfer as well as triplet-triplet energy transfer, which have also been the focus of numerous research articles in recent years [95] . Moreover, Twophoton absorption (TPA) is a third-order nonlinear optical process in which two photons are absorbed concurrently so that the energy of the molecular excitation is equivalent to the total of the energies of these photons [96] [97] [98] . Abd-El-Aziz and coworkers have created fluorescence dendritic and star-shaped Macromolecules [40] [41] [42] [43] . They used the redox active organoiron sandwich complex, [80] . Copyright © 2017, American Chemical Society η 6 -dichloro-η 5 cyclopentadienyliron(II) to facilitate the synthesis strategy and as a functional and structural motif to create dendrimers which are photoactive in the aggregated and non-aggregated states. Three generations of organoiron dendrimer (66-68) containing photoactive β-naphthol moieties were synthesized and are shown in Fig. 28 [40] . Absorption and fluorescence spectroscopies showed the existence of the ground and excited-state charge transfer as well as an energy transfer method that intervened with the photophysical properties of these dendrimers.
Zaragoza-Galán et al. chose pyrene and porphyrin as donor and acceptor, respectively, for fluorescence resonance energy transfer (FRET). [99] Five dendrimers (69) (70) (71) (72) (73) were synthesized with eight and sixteen pyrene moieties at the end groups. The efficiency of FRET of these series of dendronized porphyrins first-generation Fréchet-type dendron 69-71(Py2G1) with or without a C4-butanoate linker, and to a second-generation dendron 72-73 (Py4G2) with a C4-linker were examined, Fig. 29 .
By studying the fluorescence data, it was found that the excitation energy began localized on the individual pyrene or porphyrin chromophores as well as being moved effectively to the porphyrin core from an exciting surface pyrene. Although the number of pyrenes does not effect the FRET process, a growth of the number of pyrenes drove to a more efficient light collection per construct due to the corresponding rise in the molar absorption coefficient at 344 nm where pyrene absorbs. In addition, by increasing the distance between porphyrin and pyrene by using C4-butanoate linker, the FRET efficiency was decreased, Fig. 30 .
The excess energy from an excited pyrene moiety transfers effectively to the porphyrin core. The strong excimer peak observed at 480 nm in all fluorescence spectra as presented in Fig. 30 . Fig. 19 Wound healing evaluation of mouse model. Representative images (a), unhealed wound rates of skin wounds in four groups during 14 postoperative days (b), and Days for complete wound healing in four groups (c) [80] . Copyright © 2017, American Chemical Society A series of supramolecular coordination polymers were designed from light-harvesting multi porphyrin dendrimers (P Zn P M ; M = FB or Cu), composed of the focal freebase porphyrin (P FB ) (74) or copper porphyrin (P Cu ) (75) with eight zinc porphyrin (P Zn ) wings, and multi pyridyl porphyrins (PyP M ; M = FB or Cu), P FB (76) or P Cu (77) with eight pyridyl groups Fig. 31 and 32 [100] .
By studying the fluorescence emission measurement of P Zn P M , efficient intramolecular energy transfer from P Zn to the focal P FB or P Cu was observed. After the formation of supramolecular coordination polymers, the intramolecular energy transfer changed to an intermolecular energy transfer from P Zn P M to PyP M . The fluorescence emission from the focal P FB was slowly decreased after the nonfluorescent PyP Cu was titrated to fluorescent P Zn P FB . In the opposite manner, the fluorescence emission from PFB in PyP FB was gradually increased when the titration of fluorescent PyP FB to nonfluorescent P Zn P Cu , took place, due to the efficient energy transfer from P Zn wings in P Zn P Cu to PyP FB , Fig. 33 .
Three dendrimer silicon(IV) phthalocyanines 78-80 were synthesized and studied by UV-vis and fluorescence spectroscopy, Fig. 34 .
The photophysical properties, photoinduced intermolecular electron transfer rate constants, and photoinduced intramolecular energy transfer efficiencies of these dendrimers showed spectra typical for phthalocyanine, with a B band at 354 nm, a dimer band at 610 nm, and a Q band from 679 to 676 nm [101] . A large red-shift of the Q-band was observed for DSiPc-CN due to the electron-withdrawing abilities of cyano. Further, the range UV absorption band was observed to be in the range from 273 to 295 nm. These values found to be dependent on the nature of terminal groups. This band can be assigned to the absorption of dendritic substitutes. It was found that the bearing of nitro [81] or methoxycarbonyl groups resulted in greater absorption intensities than did the presence of cyano with auxochrome groups, Fig. 35 . The nature of the terminal groups of dendrimer silicon(IV) phthalocyanines has a great impact on the position and intensity of fluorescence spectra, fluorescence lifetimes and fluorescence quantum yields. The fluorescence emission bands were observed at wavelength maxima 694 nm for DSiPc-CN, 690 nm for DSiPc-NO 2 , and 692 nm for DSiPc-COOCH 3 . In addition, the fluorescence quantum yield (Ф F ) was 0.43 for DSiPc-CN (78), 0.49 for DSiPc-NO 2 (79), and 0.26 for DSiPc-COOCH 3 (80) Fig. 36 .
New four active absorbing fluorophores (81-84) were prepared and added to two types of Pd-porphyrin complexes (85) (86) to form two-photon absorbing antennas and energy donors for Förster resonance energy transfer (FRET) for phosphorescent examinations, Fig. 37 [102] .
These two types of Pd-porphyrin complexes were observed to be a way of obtaining significant enhancement of the overall two-photon absorption cross-section of an 48 (38) , dendrimers [82] . © 2017, American Chemical Society oxygen-sensitive probe without changing its optical properties. Indeed, these two-photon absorbing chromophores were created to provide light-harvesting antennas for FRET towards a phosphorescent Pd-porphyrin core.
Great two-photon fluorescence properties were remarked in the range of 700-800 nm, in some of these model compounds. Additionally, good spectral overlap occurred with the chosen phosphorescent cores without producing high phosphorescent quenching by electron-transfer. The twophoton cross-section of the system was improved by combining the appropriate donor chromophore and oxygen-sensitive phosphorescence, which was seen at the excitation at 800 nm, confirming the design.
Studying the fluorescence for (81-84) was found to greatly depend on the solvent polarity ( Fig. 38 ). Compounds (81 and 82) showed large Stokes shifts due to increased solvent polarity [103] . On the other hand, with its emission insensitive to solvent polarity, antenna (84) is a pure quadrupolar molecule. Lastly, antenna (83) presents a noticeable solvent dependence in emission with a maximum peak from 426 nm in non-polar solvent benzene to 544 nm in acetonitrile characterized by a large Stokes shift. Also, (83) shows the greatest fluorescence quantum yield (0.62-0.68) of the four systems.
Positive photophysical properties were shown by the hexa-bodipy functionalized dendrimeric cyclotriphosphazene conjugates (HBCP 87 and 88) , Fig. 39 [104] . These dendrimers included strong absorption bands at 501 and 642 nm at low concentration, with high molar absorptivity, as well as fluorescence emission peak at about 511 and 652 nm at the same concentration, respectively.
A strong impact of the solvent on the absorption spectrum was notified while studying the solvent dependence of the absorption and fluorescence characteristics. It was also noted that absorption was highest in CH 3 CN for 87-HBCP but in CH 3 Cl for 88-HBCP, while the fluorescence emission intensity was seen to be raised in methanol for 87-HBCP but highest in acetone for 88-HBCP. Also, the chemosensor properties of these compounds were tested against a large suite of metal cations (Li + , Na + , K + , Cs + , Mg 2+ , Ca 2+ , Ba 2+ , Mn 2+ , Fe 2+ , Fe 3+ Co 2+ , Ni 2+ , Cu 2+ , Ag + , Cr 3+ , Cd 2+ , Al 3+ , Hg 2+ , Zn 2+ ) by using tetrahydrofuran solutions of the dendrimeric cyclotriphosphazene conjugates, with aqueous solutions of the metal chlorides (nitrate derivative for Ag ion) as the source of metal ions. Upon addition of the metal ions solutions to 87-HBCP, the fluorescence emission spectrum was unchanged. Also, the fluorescence intensity of the 88-HBCP was also unchanged, except upon addition of cobalt (Co 2+ ), in which case a significant drop in the fluorescence intensity at 652 nm was shown by the addition of cobalt (Co 2+ ) cation (Fig. 40) .
The dendrimeric cyclotriphosphazene was consequently determined to be a well selective and sensitive fluorescence chemosensor for Co 2+ ion in solution. The detection limit of 88-HBCP for Co 2+ was determined to be 0.84 μM. As a result, it can be used for possible applications in a variety of areas where these ions are of importance, such as health and environmental.
A blue fluorescent PAMAM dendrimer with eight 4-N,Ndimethylaminoethyloxy-1,8-naphthalimide in the periphery has been prepared and studied, Fig. 41 [105] .
The study of photoactive characteristics of the dendrimer as a ligand in the presence of various metal cations (Ag 2+ , Co 2+ , Pb 2+ , Zn 2+ , Ni 2+ , Cu 2+ , and Fe 3+ ) have been examined in DMF solutions. This special solvent has been chosen for the spectral measures in the presence of metal ions because of its low quantum fluorescent yield and promotes the photoinduced electron transfer (PET) fluorescence switch.
Weak fluorescence emission of the dendrimers has been observed in the absence of metal cations. Introducing the metal cations to the dendrimer led to an enhancement in its fluorescence intensity. The increase of the fluorescence emission is managed by the nature of the cations added. The highest improvement of the fluorescence intensity occurs in the presence of Cu 2+ cations (FE = 6.52). The lowest FE equal 2.34 has been seen in the case of Ag 2+ . The strength of the fluorescence of dendrimer can be ranked as follows: Cu 2+ > Zn 2+ > Fe 3+ > Pb 2+ > Ni 2+ > Co 2+ > Ag 2+.
As well, the effect of the changing pH of the solution was also studied. The higher fluorescence intensity (pH 2.3-4.3) is due to the quenching of PET under that condition. After the protonation of N, N-dimethylamino group the electron transfer is stopped and fluorescence emission of the 1,8-naphthalimide fluorophore is restored. That means the low pH dendrimer is a highly efficient 'off-on' switching detector of pH changes. The effect of the basic solution upon the fluorescence strength of the dendrimer has also been examined in DMF solution by adding hydroxide ions. The fluorescence spectra of the dendrimer are presented in Fig. 42 . Upon excitation at 368 nm, the fluorescence intensity decreases with the increasing amount of sodium hydroxide due to the reaction of hydroxyl ions with the amide group, transforming it into an enol one. However, there is an increase in the fluorescence intensity of the spectra obtained when the dendrimer solution has been excited at 451 nm.
New ligands of bipyridine contain two or four pyrene units were synthesized Bpy-Py2 (90) (94) , Fig. 43 [106] . The photophysical properties of the luminescent macromolecules were investigated by UV and fluorescence spectroscopy.
Monomer emission and mostly no excimer emission were observed in the bipyridine ligands containing two pyrene units (Bpy-Py2), (90) . For the first generation dendron (BpyG1-Py4) (91), monomer, as well as excimer emission, are seen because of the higher local pyrene group, as seen in Fig. 44 .
All three new complexes were also examined by fluorescence spectroscopy. The emission spectrum of the complex [Ru(Bpy) 2 (Bpy-Py2)] 2+ (92) showed an excitation at 342 nm whereas the complexes [Ru(Bpy-Py2) 3 ] 2+ (93) and [Ru(BpyG1-Py4) 3 ] 2+ (94) were excited at 344 nm. The high luminescence of the pyrene-labeled ligands was quenched by the chelation to Ru (II). The excimer of pyrene appeared, but their intensities were significantly decreased ( Fig. 45 ). Furthermore, a new emission peak appeared at 625 nm for [Ru(Bpy) 2 (Bpy-Py2)] 2+ (92) , and at 661 nm for [Ru(Bpy-Py2) 3 ] 2+ (93) and [Ru(BpyG1-Py4) 3 ] 2+ (94) , which are related to the natural emission band of a ruthenium bipyridine complex, regardless of the excitation wavelength. 
Advances in Fluorescently Aggregated Organometallic Macromolecules
Although it is difficult to achieve highly emissive substances in the solid-state and also fabricate actual optoelectronic devices, Tang and co-workers have attracted attention in the past several years by creating another approach [107] , making use of the phenomenon of aggregation-induced emission (AIE) [108] [109] [110] [111] [112] [113] [114] [115] . By restricting the intra-and intermolecular interactions, such as π-π interactions, which quench the emission process, large numbers of aggregation-induced emission AIE-active macromolecules have been manufactured and investigated for biosensing and imaging applications. The aggregation-induced emission-enhancement phenomenon is described by the limitation of motion and contortion of the intramolecular bond by hugely blocking the non-radiative channel, which completely suppresses the self-quenching and enhances the fluorescence. The fluorescence enhancement is associated with the following ideas, (i) restriction in the rotation of the molecules, thus increasing intramolecular π-conjugation and resulting in high luminescence through the reduction of competing for non-radiative decay pathways and, (ii) energy of photons absorbed by the aggregates is small scattered [116] [117] [118] . Due to the unprecedented conformational feature of these macromolecules and the unique emission character of AIE, a novel class of macromolecules with AIE systems was successfully prepared, to provide a starting point for the development of new photoactive materials [119] [120] [121] . Poly(amidoamine) (PAMAM) dendrimers and hyperbranched poly(amidoamine)s are reported and investigated luminescent polymers containing unique chromophores as an aliphatic tertiary amine, carbonyl, ester, or amide [122] . By using the aza-Michael reaction, clear blue photoluminescence was recognized, even with the naked eye, from a set of unique siloxane−poly(amidoamine) (Si-PAMAM) dendrimers (95) (96) (97) (98) , Fig. 46 [123] . To study the influence of the Si−O−Si in the PAMAM, hexamethylenediamine-based PAMAM (C-PAMAM) dendrimers (g0.5−g1.5) were synthesized.
The fluorescence from Si-PAMAM dendrimer G2.0 (98) excited at 385 nm, is presented in Fig. 47a, while Fig. 47b shows the fluorescence from Si-PAMAM dendrimer excited G2.0 (98) at 285 nm. With the increase in the PAMAM concentration, the fluorescence intensity of the spectral region at 337 nm was increased, while at the region of 430 nm decreases in the fluorescence intensity were observed.
When small fractions of water were added, the fluorescence intensity increases quickly as the volume fraction of water increases (from 1 to 20%) ( Fig. 48) . That means aggregation-induced enhanced emission (AIEE) has occurred due to the lower solubility of these dendrimers in water. As the volume fraction of water raised, the Si-PAMAM dendrimers are less soluble in the water-methanol system. Self-assembly of silioxane-PAMAM dendrimers 99-PG1 and 100-PG2 photophysical properties were studied. The results proved that the fluorescence of Si-PAMAM could be affected by the solvents, acids, metal ions, temperature, and aggregation degree of carbonyl groups Fig. 49 [124] .
The emission spectra of second-generation Si-PAMAM dendrimers 100 in hexamethylene/CH 3 OH were also described. By decreasing the volume portion of hexamethylene, the fluorescence intensity was enhanced. These results also indicated that the fluorescence intensity of Si-PAMAM decreased with lowering solvent polarity. The Si-PAMAM became aggregated by a mixture of water and acetone (Fig. 50) because acetone changed the aggregation of the carbonyl groups and physically influenced the configuration of Si-PAMAM. Because of its low solubility in water, Si-PAMAM became aggregated and the aggregation-enhanced emission phenomenon was observed, which showed that the fluorescence intensity was increased with the addition of volume fraction of water.
The fluorescence of the Si-PAMAM dendrimer was examined with various metal cations (CoCl 2 , CrCl 3 , PbCl 2 , ZnCl 2 , CuCl 2 , FeCl 3 , and Hg(NO 3 ) 2 ), Fig. 51 . The figure presents the fluorescence spectra of G2 Si-PAMAM dendrimers with the separate cations, which yielded a small decrease in fluorescence intensity for Zn 2+ , Pb 2+ , and Co 2+ but displayed significant decrease for Cu 2+ , Fe 3+ , and Cr 3+ .
Self-assembly of light-harvesting dendrimers based on Ru(II) and Os(II) polypyridine complexes (101-104) was synthesized and found to have fluorescence in the aggregation states, through aggregation-induced emission (AIE) (Fig. 52) [125] . The AIE reported here was a result of interdendrimer electronic interactions, including electronic energy donors, which makes these dendrimers useful for producing new integrated systems for solar fuel production.
By increasing concentration, the emission spectrum maximum of 101 shifts to lower energies, until it was found that the emission spectrum in acetonitrile of an 8 × 10 −6 M solution of 101 is near to that of the first-generation mixedmetal tetranuclear dendrimer 103, for which the emission is Fig. 53 . The graph in the figure also presented the emission maximum versus concentration; the emission of 101 displays mainly by the core more than periphery going over a small concentration range, from about 6 × 10 −7 to 6 × 10 −6 M.
Two nano-hybrid dendrimers (105-106) with a polyhedral oligomeric silsesquioxane (POSS2-4) core functionalize by TPE were synthesized, Fig. 54 [126] . The improvement in luminescence quantum yields in both dilute solutions and in the solid-state were shown from these new molecules.
The dendrimers exhibit absorption peaks like their parent molecular counterparts; for instance, dendrimer 105-POSS2 shows the same absorption maximum at 313 nm. The other dendrimer 106-POSS4 has an absorption located at 324 nm, which undergoes a minor redshift by 4 nm to 320 nm. In THF the photoluminescence (PL) spectrum of 105-POSS2 was essentially a flat line matching the baseline, indicating its non-emissive character in solution Fig. 54 . However, when a large amount of water (a poor solvent for this molecule) was added to the THF solution, PL spectra with an emission peak at 486 nm were observed, suggesting the creation of aggregates in mixed solvents (Fig. 55) .
The aggregated state in 90% aqueous solution gives emission intensity of 105-POSS2 higher by a factor of 322. Comparable emission behavior was also noted for 106-POSS4, where the emission intensity of 106-POSS4 was enhanced by 458-fold with a 6 nm blue-shift in the emission maximum at 90% water content. These results verify that POSS-cored luminogens 105-POSS2 and 106-POSS4 have aggregationinduced emission (AIE).
At the same time, Wu and co-worker used a PEG-POSS-(TPE) 7 polymer to demonstrate a constructing AIE fluorescent vesicles gathered [127] . They used a simple and direct method for the creation of a "tadpole-shaped" amphiphilic polymer, PEG-POSS-(TPE) 7 , after that by using a Schiff base the tetraphenylethene (TPE) fluorophores were linked into the polymer, providing the vesicles strong fluorescence in the aggregate state.
Similar work has recently been done on POSS dendrimers by the same group; they reported unique aggregationinduced emission (AIE) effects and pH-responsive properties, which were applied for sensitive fluorescent sensors for trivalent metal cations and acid gases [128] . The result of incorporation POSS units [129] is the highly restricted TPE intramolecular rotation due to the POSS uniform and rigid cage-shaped, which leads to significant improvements in the AIE effects of TPE.
The Abd-El-Aziz group reported three generations of novel red-shift accompanying with fluorescence enhancement in pyrene excimer emission dendrimers ( Fig. 56) , of which, the third generation 107 were presented as an example [42] .
The formation of dynamic pyrene excimers leads to this emission, and the aggregation increased the excimer formation efficiency of dendrimers due to intramolecular π-stacking between two pyrenyl rings in high water fractions due to the lower solubility. The quenching of monomer emission with the enhancement of excimer emission was remarked very clearly in the high generation and showed a red-shift emission relative to the other generations (Fig. 57) . The ratio of the pyrene excimer-monomer (I E /I M ) also increased by increasing the water fraction. In the same year, similar work has been investigated by the same group using star-shaped macromolecules 108 and 109 capped with fluorescent molecules such as pyrene and anthracene. These star-shaped macromolecules also display aggregation enhanced excimer emission (AEEE) Fig. 58 [43] . Only low emission intensities are noted in the visible region in dilute solution. This is due to the dominance of the monomer emission, a majority of which occurs in the UV-A part of the spectrum (unseen to the human eye). However, the use of poorly solubilizing solvents or at high concentration, the strong blue visible excimer-like emission was observed in the aggregated state. The solution of these macromolecules emitted blue light appearing at 475 and 474 nm with pyrene and anthracene moieties (Figs. 59, 60 , respectively).
In addition, with increasing water portion, an increase in emission efficiency was observed. This phenomenon of AEEE was established by calculating the excimer-monomer emission intensities ratio (IE/IM). Interestingly, the presence of visible blue-colored fluorescence from these systems is a result of the red shifting of the previously invisible UV-A emission to longer wavelengths, up into the blue region of the visible spectrum.
Abd-El-Aziz's group also reported dual-emissive tetraphenylethene-periphery added to organoiron dendrimers 110 and 111 Fig. 61 [41] .
The photophysical properties of the organometallic dendrimers, 0-DEN-TPE (110) and 1-DEN-TPE (111), in 100% THF, and in THF/H 2 O mixtures have been studied. As with the TPE systems, the dendrimers don't have any fluorescence in 100% THF, but emitted strongly as aggregation was induced by the addition of water. At 469 nm, the intensity of the TPE emission was observed to increase with adding a greater fraction of water in the THF/water mixture until the water content was raised above 70%, when a conspicuous decrease, as well as a blue shift from 469 to 464 nm, was observed.
In the presence of the organometallic complexes, the AIE of the zero generation DEN-TPE (110) and the firstgeneration DEN-TPE (111) was found to be quenched at higher water content. This is due to the separation between the fluorescent species by these organometallic bulky groups or that the dendrimers were oriented in unsuitable position to form the aggregation states which would efficiently quench the fluorescence [42, 43, 130] . By removing the metal complexes from the dendrimers the emission was improved, as expected (Fig. 62 ). The emission of these dendrimers in THF/H 2 O (10%:90%), were examined at 469 nm and it was found that there was a blueshift at high water fraction due to AIE of the TPE units.
Conclusion
In this review, we have summarized recent advances in metal-containing macromolecules and dendrimers, with various redox, photophysical, and bioactive properties. Macromolecular systems allow a mechanism to increase the antimicrobial activity due to several moieties that can be conjugated to the structure. Metal-containing supermolecules additionally exhibit high potential in biomedical areas and cancer treatment due to their unique structure, high solubility, and metal function. Various groups have demonstrated that Metallo supermolecules were contributory in the delivery of multiple chemotherapeutics for treating drug-resistant cancer. These metal-based macromolecules were established to be antibacterial active, biologically safe, and may have application as antiviral, and antifungal agents. The outcomes were seen for these metal-based antimicrobial macromolecules in stopping or restraining the growth of resistant strains in vitro so far and are raising interest in these growing field. Metallopolymers and dendrimers offered classes of novel characterizations, which involve luminescent as well as emissive properties, functional characteristics with implications in molecular optoelectronics. Some new polymers holding transition-metal complexes have been utilized, and important advances in their optical and electronic applications have been obtained. 
